Observation of single- and two-photon beating between independent Raman scattering 
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By using spontaneous Raman processes in the high gain regime, we produce two independent 
Raman Stokes fields from an atomic ensemble. Temporal beating is observed between the two 
directly generated Stokes fields in a single realization. The beat frequency is found to be a result 
of an AC Stark frequency shift effect. However, due to the spontaneous nature of the process, 
the phases of the two Stokes fields change from one realization to another so that the beat signal 
disappears after average over many realizations. On the other hand, the beat signal is recovered in 
a two-photon correlation measurement, showing a two-photon interference effect. The two-photon 
beat signal enables us to obtain dephasing information in the Raman process. The dephasing effect 
is found to depend on the temperature of the atomic medium. 

PACS numbers: 42.25.Hz,42.25.Kb,42.65.Dr,42.50.Gy 



I. INTRODUCTION 

Interference between independent light sources played 
an important role in the understanding of the coherence 
properties of lasers. Interference between two lasers was 
first demonstrated in 1963 [l|, shortly after the laser 
was invented. Its interpretation is based on the coher- 
ent states which have a definite phase. This implies 
that a laser has a definite phase within its long coher- 
ence time. Nowadays, it is routine to beat two indepen- 
dent lasers for the measurement of laser frequency sta- 
bility. However, interference between independent light 
sources is not limited to coherent states. As a matter 
of fact, the first experiment that demonstrated the in- 
terference between independent light sources is the beat 
from two fluorescent sources [2|]. More recently, Kuo et 
al [3[ demonstrated in 1993 the interference effect be- 
tween two pulsed thermal sources in two independent 
Raman amplification processes. But thermal sources of 
light have a completely random phase relation. Its inter- 
pretation is that the Raman amplification process (stim- 
ulated emission) preserves the initial phase from vacuum 
induced spontaneous emission but different pulses start 
from different spontaneous emission and thus have ran- 
dom phases. Theoretical study even suggested interfer- 
ence between two groups of photons in number states 
whose phase is completely undetermined although each 
quantum realization have a definite but random phase 
[4], Q . Further study showed that this interference effect 
is a result of multi-photon interference and the concept of 
coherence has something to do with indistinguishability 
among photons involved [6[. 

Furthermore, higher-order interference such as two- 
photon interference may not vanish even after the average 
over the phase fluctuations. Indeed, light from a laser is 
more accurately described by a coherent state with a dif- 
fused phase. So, interference fringe will be washed out 
in the long-term or multiple exposures in one detector 



but may appear in the two-photon correlation measure- 
ment with two detectors 0, @] • Similar situation occurs 
with thermal light [3, Q . The difference between a co- 
herent state and a thermal state is simply the amplitude 
fluctuations, which can be reflected in higher order mea- 
surement of fourth-order (two-photon) interference: the 
visibility of the two-photon interference is 1/2 for a co- 
herent state with phase diffusion but is 1/3 for a thermal 
state @, 04| • 

In all previous studies of interference between indepen- 
dent sources, it is crucial that in a single pulse generation 
process, the phases are fixed even though they may fluc- 
tuate from one pulse to another. This will ensure the 
formation of an interference fringe. However, because 
of the complexity of the systems involved, dephasing in 
the light generation process does occur. In other words, 
the phase may change randomly even during the single 
pulse generation process. For Raman scattering process, 
light waves (the incoming pump and scattered Stokes) are 
coupled through phonons in solid or atomic spin wave in 
atomic medium. Dephasing usually occurs more often in 
phonons or atomic spin wave than in optical waves. Co- 
herent atomic spin wave plays a crucial role in the scheme 
of quantum memory realized in atomic medium pJJ-[l2[ • 
Dephasing time in atomic spin wave thus determines the 
quantum storage time. 

However, such a dephasing process cannot be observed 
in the interference fringe pattern from a single detector 
and may not appear even in the spatial fringe pattern 
in two-photon interference |3|. Since the dephasing pro- 
cess involves time evolution of the phases, the best way 
to characterize it is by a time-resolved two-photon corre- 
lation measurement, which compares the intensities, or 
the interference fringes in our case here, at two different 
times. Furthermore, time-resolved two-photon correla- 
tion measurement is also a tool for the direct observa- 
tion of two-photon beating effect which is an indication 
of two-photon frequency entanglement [13]. On the other 



hand, time-resolved two-photon correlation measurement 
requires that the detector's response be faster than the 
fluctuations of the fields as well as the beat signal, which 
is also the requirement for the observation of two-photon 
interference effect between two independent fields [14j |. 
So far, two-photon frequency entanglement has only been 
confirmed indirectly via spatial beating effect because of 
this requirement [13|, LL5j . 

Here in this paper, we report on an interference exper- 
iment between two independent light sources, in which 
we observed the dephasing effect in the light generation 
process by a time resolved two-photon correlation mea- 
surement. In the experiment, we observe a beat signal 
between independent Stokes fields generated in two sepa- 
rate Raman scattering processes in an atomic vapor cell. 
Although the beat signal disappears after average over 
many pulses, indicating a random phase relation between 
the two fields, it is recovered when we measure the inten- 
sity correlation, thus showing a two-photon interference 
effect between independent sources. The observed visi- 
bility in the two-photon beat signal decays as the time 
delay increases, indicating the existence of dephasing due 
to the atomic motion in the process. 



II. EXPERIMENTAL SET UP AND 

OBSERVATION OF BEATING BETWEEN 

INDEPENDENT SOURCES 
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FIG. 1: (a) The conceptual diagram for the beating between 
two independent Stokes fields (b) Diagram for the atomic en- 
ergy level and light frequencies. W± : 2- the Raman write fields; 
6*1,2: the generated Stokes fields, (c) Experimental layout. 
Inset: timing sequence. 



The conceptual diagram and the energy levels of atom 
and light fields are shown in Fig.l(a,b). The experimen- 
tal layout is shown in Fig. 1(c) together with the time 
sequence of the light pulses. A Toptica-DLIOO semicon- 
ductor laser, modulated by an acoustic optic modula- 
tor (AOM), is used to provide linearly polarized light 
pulses at 795nm with duration 20/is. The laser beam, 
now called the "write" beam, is split into two beams 
(^1,2) which are sent in parallel through a cylindrical 
Pyrex cell (length and diameter were 75mm and 19mm, 
respectively) for Raman scattering. The cell is filled 
with isotopically enriched Rb-87 without buffer gas and 
is mounted inside a four-layer /i-magnetic shielding to 
reduce stray magnetic fields and can be heated up to 
95°C using a bi-fllar resistive heater. The spot sizes of 
the two write beams are 0.45mm (W\) and 0.63mm(W2) 
in diameter, respectively. As shown in the energy di- 
agram in Fig. 1(b), states |1) = {dS 1 / 2 ^ = 1) and 
|2) = \bS l / 2 ,F = 2) are the hyperfine splitting of the 
ground state of the Rubidium atom, |3) = |5P 1//2 , F = 2) 
and |4) = |5P 3/2 ,F = 1) are the excited states. The op- 
tical pumping pulses (P) are applied before the write 
pulses (Wi 5 2) to prepare the atoms in the state |1) = 
{bS 1 / 2 ^ = 1) (see inset of Fig.l for timing sequence). 
The two independent Stokes fields that are generated 
by the two separate Raman processes are coupled into 
a single-model fiber for superposition and then detected 
by a photodiode. 

Fig. 2 shows some typical results from the photodiode. 
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FIG. 2: (a) Single-pulse beat signal from the photodetector. 
(b) Average over 2000 pulses. 
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FIG. 3: The beat frequency as a function of the power of the 
write beam (Wi). The solid line is a linear fit. 



Fig. 2a is for a single pulse, showing an interference fringe 
pattern in the form of a frequency beating in time. This 
clearly demonstrates the good coherence between the two 
independent sources of light in Raman scattering process. 
Fig. 2b is an average over 2000 pulses, washing out the 
beat signal. 

Before we discuss other issues, let us find out the ori- 
gin of this beat signal. From Fig. 2a, we find a typical 
period is about 1.3 jis which corresponds to a beat fre- 
quency of Av = 0.77 MHz. Because of the two-photon 
resonance condition for Raman gain, we would expect the 
same frequency for the Stokes fields since the two writing 
fields have the same frequency. The only difference in the 
conditions for the generation of the two Stokes fields is 
the powers of the writing fields. This points to the AC 
Stark shift as the possible cause for the frequency differ- 
ence in the two Stokes. It is well-known [l6| that when 
atoms are illuminated by a beam of light, their energy 
levels are shifted up by the amount of AE = \Q\ 2 /A 
with Q = dA\y/h as the Rabi frequency and A as the 
detuning (d is the atomic dipole moment and Aw is the 
amplitude of the write field). So the frequency shift Af 
is proportional to the power Py^ (oc |Ay^| 2 ) of the write 
beam: Af oc Pw- For our experiment, the two-photon 
resonance condition leads to the beat frequency between 
the two Stokes fields: 



Av = KiPwi ~ K2PW2, 



(1) 



where ^1,^2 are some proportional constants. Note we 
choose different proportional constants for the two beams 
because the electric field strength also depends on the 
geometry of the beam such as the beam waist. 

To confirm the dependence in Eq. (pQ), we measured the 
beat frequency as we change via HWP\ the power of 
one of the writing beams (W\) while fix the other at 
P\V2 = 0.24mW. Fig. 3 plots the beat frequency as a 
function of the power of the writing beam W\ . It can be 
seen that the data follows very well the linear dependence 
given in Eq. (pQ). 






(a) 



1.2 

1 
0.8 
0.6 
0.4 
0.2 








1000 2000 3000 4000 

Pulse Sequence 



5000 



(b) 



■s 

o 



u. u 1 




0. 06 
















0. 05 
0.04 - 
0.03 - 
0.02 - 

0.01 - 

































0. 0. 1 0. 2 0. 3 0. 4 0. 5 0. 6 0. 7 0. 8 0. 9 1.0 

Phase/27i 

FIG. 4: (a) Extracted phases for 5000 pulses and (b) Proba- 
bility distribution for the extracted phase. 



III. RANDOM PHASES AND TWO-PHOTON 
BEATING EFFECT 

Now we turn to the important issue of (de) coherence 
between the two Raman scattering processes. Because 
of the spontaneous nature of the Raman scattering pro- 
cess, the two Stokes fields are initiated from two different 
vacuo and the phases of the two Stokes fields are not cor- 
related. Therefore, the two processes can be regarded 
as independent of each other. So, after an average over 
many pulses, the beat signal is gone, as seen in Fig. 2b. 
To further confirm the random phase relationship, we 
directly measure the phase from the beat signal by mea- 
suring the position (At) of the first maximum relative to 
a fixed reference point, the switch-on point of the write 
pulse (point A in Fig. 2a), and comparing it with the pe- 
riod of the beating (T): A(p s = 2tt x At/T. Here T 
are the average period of the beat signals. Fig. 4a plots 
the extracted phases for a sequence of 5000 pulses. A 
probability distribution is calculated from the data and 
is shown in Fig. 4b. As can be seen, it is a random phase 
distribution. 

Because of the random phase, after the average over 
many pulses, the interference effect vanishes in the sig- 
nal of a single detector. However, as we discussed ear- 
lier, it can appear in a higher order quantity such as 
the two-time intensity correlation function Y^ 2 \r) = 
(I(t)I(t + t)), where the average is over many pulses. 
Indeed, if we plot the normalized intensity correlation 
function g( 2 \r) = T™ (t) / (I (t)) {I (t + r)) as a function 
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FIG. 5: Normalized intensity correlation function g^ } (r) as 
function of time delay r. Blue line: experimental data; 
red line: best fitted curve to Eq.® with V = 0.47,7 = 
0.63/is-\Az/ = 0.68M#z. 



of the time delay r, the beat signal appears again, as 
shown in Fig. 5 as the blue line. 

The data in Fig. 2a is a single trace obtained from one 
pulse. The intensity correlation function T^ 2 \r) and the 
intensity average (/(£)), (I(t + t)) are evaluated by aver- 
aging the data in Fig. 2 over the traces from many pulses. 
Fig. 2b shows the result of (I(t)). But because (I(t)) de- 
pends on time t, we need to choose the initial time t for 
the evaluation of T^ 2 \r) = (I(i)I(t + r)). In Fig.5, we 
choose t = t p at the peak of (I(t)) as the zero delay point. 

The two-photon beating effect can be easily explained 
with a simple model. Consider that for one write pulse, 
the initial spontaneous emission of the Stokes field car- 
ries an arbitrary phase but the stimulated emission after- 
wards preserves this phase. So the observed Stokes field 
in this process will carry a definite but arbitrary phase. 
On the other hand, different light intensity causes differ- 
ent AC Stark shift. This is the origin of the beat signal 
detected in a single optical detector. From any optics 
textbook, we can find the beat signal as 

I(t) = U(t)[h + I 2 + 2v^ii2 cos(27rAi4 + Ay>)], (2) 

where we assumed that the two Stokes fields have the 
same temporal profile U(t) and is given in the average 
in Fig. 2b. I\^ are the intensity of the two Stokes fields. 
Av is the frequency difference due to AC Stark shift and 
Acp is the random phase difference due to spontaneous 
nature of the Raman scattering process. 

We now calculate the two-time correlation function 
T( 2 )(t) = (I(t)I(t + T)) and (!(£)) from Eq.(j2j). Here 
the average is over the random phase difference Acp be- 
cause it varies from one pulse to another. We obtain 



r^(T) = u(t)u(t + T)[(h 

{!{£)) = U{t){h+I 2 ). 



So the normalized two-time correlation function: 

g (2 ){r) = r ( 2 )(r)/(/(t))(J(t + r)) 

= 1 + V cos 2ttA^t, (4) 

with V = 2/1/2/(^1 + h) as the visibility. The visibility 
is 0.5 when I\ = I2 and is independent of the delay. 



IV. DEPHASING EFFECT 

However, Fig.5 clearly shows the drop of the beat vis- 
ibility as the delay increases. So we need to modify 
the simple model above by introducing dephasing. The 
physics of this dephasing is the random atomic motion 
in a hot atomic medium. Because of this, the generated 
spin wave no longer keeps the same initial phase of the 
spontaneous emission, which in turn leads to the change 
of the phase of the Stokes field in the generation process. 
Thus, even for a single pulse, the phase difference Aip is 
no longer a constant but a function of time: Acp = Aip(t). 
So we have 



rjfeV) 



u(t)u(t + T)[(h+i 2 y 

+/i/2{e 2i " A " r (e i[A ^ ( ' +r) " A ^ (t)] ) + c.c}](5) 



The dephasing can usually be characterized by a decay 
constant 7 as 

/ e i[A(p(t+r)-A<p(t)]\ _ e - 7 r _ /g\ 

So Eq.((5]) becomes 

lf e V) = U(t)U(t + T)[{h+I 2 Y 

+2/i/ 2 e" 7r cos27rA^r]. (7) 

and the normalized intensity correlation function is 



&\t) 



1 + Ve 1T cos 27rAt/r. 



(8) 



I 2 ) 2 + 2IJ2 cos 2ttAut], 
(3) 



In Fig.5, the red thin line is the best-fitted curve to Eq.(j8]) 
with V = 0.47, 7 = 0.63/is- 1 , Av = 0.68MHz. It can be 
seen that there is a reasonably good fit between the blue 
experimental data and the red theoretical curve. Since 
the dephasing effect is due to atomic motion, it should 
depends on the speed at which the atoms move. For 
an atomic cell, the average atomic speed is determined 
by the temperature of the cell. In Fig. 6, we plot the 
decay constant 7 as a function of the cell temperature. 
As expected, the dephasing rate is larger for higher cell 
temperature. 

From Fig.5 we find the peak visibility is near 50% (V = 
0.47). This is consistent with the situation when the 
two interfering fields are in coherent states. However, it 
was proven that the Stokes field from Raman scattering 
is normally in a thermal state [17|, which should lead 
to a visibility of 1/3 in two-photon interference [9j. On 
the other hand, because of the limited number of atoms 
available for Raman scattering, we may have used up all 
the atoms and the Raman amplification process reaches 
a saturated stage, in which the intensity fluctuation is 
of the nature of a coherent state. This explains well the 
observed visibility of V = 0.47 but not 1/3. 
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FIG. 6: Decay constant as a function of the temperature of 
the cell. Solid line is for observation guidance. 



V. SUMMARY 

In summary, we demonstrated one-photon and two- 
photon beating between two independent Raman Stokes 



fields. From the two-photon beat signal we are able to 
observe a dephasing process during the Raman ampli- 
fication process. This dephasing effect is due to atomic 
motion in the atomic cell and will influence the coherence 
of the atomic spin waves that are crucial in the applica- 
tion of atomic memory. 
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